Originating from closed parallel systems, coordination models and technologies gained in expressive power so to deal with complex distributed systems. In particular, nature-inspired models of coordination emerged in the last decade as the most effective approaches to tackle the complexity of pervasive, intelligent, and self-* systems. In this paper we survey the most relevant nature-inspired coordination models, discuss the main open issues, and explore the trends for their future development.
Introduction
Coordination models essentially address the issue of how to harness the complexity of the interaction space in the design of distributed systems [26] . Even though originating in the context of closed, parallel systems [6] , coordination models soon gained relevance and power in those scenarios where complexity is a key factorsuch as intelligent, knowledge-intensive, pervasive, self-organising systems [3] .
Coordination, indeed, is not a matter of computational systems only. In fact, it concerns complex systems of any sort: roughly speaking, it is how complex system get together so as to work [17] . Many natural systems are prominent examples of complex systems exhibiting models and patterns of coordination that enforce desirable properties for computational systems such as fault-tolerance, adaptiveness, and self-organisation. Accordingly, a whole class of coordination models is inspired by the extraction of abstractions, patterns, and mechanisms out of natural systems: nature-inspired coordination models come from the idea that working complex systems exist in the real world, which we can observe so as to understand their basic principles and mechanisms, to abstract them, and to bring them within our computational systems [28] . In particular, understanding the principles and mechanisms of coordination within complex natural systems is seemingly an effective approach for the definition of coordination models and computational technologies for complex distributed systems.
Nature-Inspired Coordination: Early Examples
Historically, nature-inspired models of coordination are grounded in studies on the behaviour of social insects, like ants or termites. In [8] , Grassé noted that in termite societies "The coordination of tasks and the regulation of constructions are not directly dependent from the workers, but from constructions themselves.", and introduced the notion of stigmergy as the fundamental coordination mechanism. For instance, in ant colonies, pheromones act as environment markers for specific social activities, and drive both the individual and the social behaviour of ants.
Nowadays, stigmergy generally refers to a set of nature-inspired coordination mechanisms mediated by the environment: digital pheromones [19] and other signs made and sensed in a shared environment [18] can be exploited for the engineering of adaptive and self-organising computational systems. By interpreting tuples as signs, and tuple spaces as environment abstractions, tuple-based coordination models [21] -derived from the original LINDA model [6] -can be used to implement stigmergic coordination within complex distributed systems [9, 20] .
More or less contemporary with LINDA is the chemistry-inspired coordination model Gamma On the other hand, field-based coordination models like TOTA [9] are inspired by the way masses and particles move and self-organise according to gravitational/electromagnetic fields [10] . There, computational force fields in the form of distributed tuples, generated either by the active components or by the pervasive coordination infrastructure, propagate across the environment, and drive the actions and motion of the component themselves.
Some of the basic issues of complex system coordination straightforwardly emerge from the above-mentioned models. First, the role of the environment is essential in nature-inspired coordination. Components of a distributed system are not limited to direct interaction, but they can communicate and coordinate indirectly through the environment. Also, the environment is active: it exhibits an autonomous dynamics (as in the case of chemical-like mechanisms) and affects component coordination (as in the case of pheromone-like mechanisms). Finally, the environment has a structure (as in the case of field-based models): interaction in complex distributed systems can then be enriched with some notion of locality, and components of any sort can move through a topology.
